In this study, a different method was applied for boron removal by using vermiculite as the adsorbent. Vermiculite, which was used in the experiments, was not modified with adsorption agents before boron adsorption using a separate process. Hexadecyltrimethylammonium bromide (HDTMA) and Gallic acid (GA) were used as adsorption agents for vermiculite by maintaining the solid/liquid ratio at 12.5 g/L. HDTMA/GA concentration, contact time, pH, initial boron concentration, inert electrolyte and temperature effects on boron adsorption were analyzed. A three-factor, threelevel Box-Behnken design model combined with response surface method (RSM) was employed to examine and optimize process variables for boron adsorption from aqueous solution by vermiculite using HDTMA and GA. Solution pH (2-12), temperature (25-60 W C) and initial boron concentration (50-8,000 mg/L) were chosen as independent variables and coded x 1 , x 2 and x 3 at three levels (À1, 0 and 1). Analysis of variance was used to test the significance of variables and their interactions with 95%
INTRODUCTION
Boron, which exists as boric acid and boron salt, forms in the environment, and is an important nutrient for plants. However, it can be harmful for plants and animals when its concentration exceeds limitations. The safe concentration of boron in irrigation water is 0.3 mg/L for sensitive plants, 1-2 mg/L for semi-sensitive plants and 2-4 mg/L for tolerant plants (Nable et al. ) . The World Health Organization (WHO) has given a recommendation of >1.0 mg/L boron for maintaining the quality of drinking water (WHO ).
Although boron exists naturally in the environment, it can be released to the environment by industrial discharges. Boric acid and boron salts are widely used in the production of glass, soaps and detergents, and flame retardants. It is also used as a neutron absorber for nuclear installations and in the ceramic industry. Because of its bactericidal and fungicidal properties, it can be used as a disinfectant and as a food preservative (Heumann & Eisenhut ; Magara et al. ) . But it is well known that high concentrations of boron cause harmful effects on plants and animals, hence boron removal from water and wastewater has environmental importance.
Boron has been removed from wastewater using different processes such as coagulation, coprecipitation (Inoue & Nanaumi ; Turek et al. ) , adsorption (Choi & Chen ) , ion exchange using cation exchangers or selective resins (Peterson ; Popat et al. ; Badruk et al. ) , solvent extraction (Matsumoto et al. ) and membrane operations (Rendolo ; Dydo et al. ; Turek et al. ) . At low boron concentrations, adsorption is the most useful and economical technique among the boron removal methods. Clays are generally used as the adsorbent, because of their abundance, low cost, easy accessibility and applicability. Vermiculite is one of the clay minerals that can be used as an adsorbent for boron removal. It has high charged density layers and high cation exchange capacity. It has 2:1 phyllosilicate structure, and two tetrahedral silicate layers are bonded together with one octahedral layer. As a result of isomorphic substitution, a permanently negative charge occurs on the silica surface, and Mg 2þ and Fe 2þ ions of clay move to the negative surface to neutralize the surface charge (Malandrino et al. ) . Statistical design is used for process characterization, optimization and modeling (Seki et al. ) . The most important advantages of statistical design are that not only do they show the effects of individual parameters but also interactional effects of two or more variables (Özdemir & Kıpçak ) . One of the statistical design approaches is the response surface method (RSM), which can be used to understand the interactions between the parameters (Alam et al. ; Karacan et al. ) . Box-Behnken design is a second-order response surface model approach, which is based on the three-factor, three-level factorial design technique to evaluate the effects of important parameters with the minimum number of experiments (Bhunia & Ghangrekar ; Tripathi et al. ) . For this purpose, statistical design techniques are widely used by many researchers. However, there are no systematic papers in the literature reported about the response surface modeling of boron removal from aqueous solution using vermiculite in the presence of different modifying agents.
The aim of this study is to investigate the feasibility of using vermiculite for adsorption of boron from aqueous solution in the presence of HDTMA/GA and evaluate the effects of three independent variables (pH, temperature and initial boron concentration) on their boron adsorption capacity by applying a three-factor three-level Box-Behnken experimental design technique combined with response surface methodology for maximizing boron adsorption.
MATERIALS AND METHODS

Materials
Hexadecyltrimethyl ammonium bromide (HDTMA) and Gallic acid (GA) were supplied by Fluka. Vermiculite (Verm) was obtained from Agrekal Agricultural Co. Ltd (Istanbul, Turkey). The particle size of the clay varied between 1.0-1.5 μm. Cation exchange capacity of vermiculite was found to be 49.4 meq/100 g using the sodium acetate method (EPA method ). Before adsorption, it was converted to its homoionic form (Na-Verm) by mixing 3 g of vermiculite with 50 mL of 1 M NaCl solution. After 30 min end-overend shaking, the clay dispersion was filtered through a 0.45 μm membrane filter and then another 50 mL of 1 M NaCl solution was added on the solids. This procedure was repeated twice and followed by washing with distilled water. The solid phase was dried at room temperature.
Characterization of the samples
The specific surface areas were obtained by BrunauerEmmett-Teller (BET) measurements of N 2 adsorption isotherms using a Quantachrome Quadrasorb surface analyzer instrument. Characterization of the samples was performed by using an X-ray diffractometer (XRD, Philips PW1710), Fourier transform infrared spectrometer (FTIR, Perkin Elmer Spectrum 100) and scanning electron microscope (SEM, FEI QUANTA FEG 250).
Adsorption experiments
Boron stock solution was prepared by dissolving an appropriate amount of H 3 BO 3 in distilled water. A 12.5 g/L solid/liquid ratio was chosen as the concentration of the suspensions. The required concentrations of HDTMA/GA solutions and required amount of vermiculite were added into the different concentrations of boron solution (50-8,000 ppm) at different pH values (2-12) and temperatures (25, 45 and 60 W C). The pH of the suspensions was adjusted using 1 M NaOH and 1 M HCl solutions, and the solutions shaken during the determined contact time. To examine the effect of ionic strength, batch experiments were repeated in the presence of 0.5 and 1 M NaCl solutions. After each experiment, solutions were filtered through 0.45 μm filter paper and the boron concentration in the filtrate was measured by UV-Visible spectrophotometer (Shimadzu, UV Spectrophotometer UV-1800) at 540 nm wavelength according to the curcumin method (Clesceri et al. ) . Experiments were performed in duplicate and arithmetic mean concentrations were recorded. The boron adsorption capacity (q e ) was calculated from the following equation:
where V is the volume of the solution (L), m is the amount of adsorbent (g) and C i and C e are the initial and equilibrium boron concentration (mg/L), respectively. 
where Y is the response, β o is the constant, β i is the first order (linear) effect, β ii is the quadratic effect, β ij is the interaction effect, k is the number of independent variables, ε is the random error, x i and x j are independent variables. For this study, the independent variables were solution pH (x 1 ), temperature (x 2 ) and initial boron concentration (x 3 ). The dependent variable was the boron adsorption capacity (Y) of vermiculite in the presence of HDTMA/ GA. Each independent variable was coded at three levels: À1, 0 and 1. The levels of independent variables and experimental range are presented in Table 1 . The STATISTICA (Ver. 8.0, StatSoft Inc., USA) software package was used for regression and graphical analyses.
During the optimization process, a mathematical model was developed, the statistical significance of the parameters were determined by Student's t-test, lack of fit tests, F and p values. Quadratic approximation of the Box-Behnken model was evaluated with 95% confidence limits (α ¼ 0.05). The Anderson-Darling test was applied to investigate the distribution of residuals and correlation between error terms (Özdemir et al. ) .
RESULTS AND DISCUSSION
Characterization of the samples
The specific surface areas were found to be 16, 12.1 and 11.3 m 2 /g for raw vermiculite, HDTMA-Verm and GA-Verm, respectively. The XRD patterns of the samples are given in Figure 1 . The basal spacing (001) FTIR spectra of raw vermiculite, Na-Verm, HDTMAVerm, GA-Verm and boron adsorbed adsorbents were quite similar, as shown in Figure 2 aromatic carboxylic acid groups in the GA structure. SEM images of all stages of the boron adsorption process on vermiculite were captured and are shown in Figure 3 (a)-3(f). As seen in Figure 3 (a), raw vermiculite, which has a 2:1 crystalline structure, has extended a uniform slice like an accordion. After treatment with NaCl, small particles occurred on the vermiculite (Figure 3 closed. Figure 3 (e) and 3(f) show the SEM images of GA adsorbed and boron adsorbed adsorbent, respectively. As observed from Figure 3 (e), the Na-Verm surface is covered like a membrane, which is consistent with the FTIR results. After boron adsorption, the membrane surface partially disappears ( Figure 3 (f)).
Effect of HDTMA and GA concentration
To find the optimum HDTMA and GA concentrations, HDTMA and GA solutions were prepared at different initial concentrations (5-100 mmol/L). When the HDTMA concentration is equal to or less than the critical micelle concentration, monolayer surface adsorption occurs. On the other hand, if the HDTMA concentration is higher than the critical micelle concentration, a second layer takes place by hydrophobic interaction between the HDTMA molecules (Abate et al. ). As a result of this interaction, the hydrophilic part of the HDTMA molecule stays freely in the solution, and it becomes a good acceptor for anions (Ghiaci et al. ) . In this study, the initial concentration interval of HDTMA was chosen to be higher than the critical micelle concentration. Thus, two HDTMA molecules bind each other to form a big molecule, which has two positively charged tails. While one of these tails is adsorbed onto the surface, the other one binds to B(OH)
( Figure 4(a) ). GA loses its proton of the carboxylic acid group in water or in a basic medium and becomes negatively charged. The negatively charged GA molecule binds to the positively charged Na-Verm surface. GA has three hydroxyl groups in its structure (Figure 4(b) ). Thus, boron adsorption occurs as a result of an esterification reaction between the two hydroxyl groups of GA and B(OH) Boron adsorption increases with increasing concentration of the modification agent ( Figure 5 ). At low concentrations of HDTMA/GA, a sharp increase occurs until boron adsorption reaches a constant value. Boron adsorption remains constant at 50 mmol/L and 25 mmol/L for HDTMA and GA initial concentrations, respectively.
Effect of contact time and adsorption kinetics
Contact time experiments of boron removal were done in a basic medium and at room temperature for vermiculite in the presence of HDTMA and GA ( Figure 6 ). The amount of adsorbed boron increases with time and attains equilibrium at about 15 h for HDTMA and 2 h for GA, which means boron adsorption on vermiculite in the presence of the GA adsorption agent reaches equilibrium faster than in the presence of the HDTMA adsorption agent. In order to investigate the adsorption kinetics, the pseudo-first-order (Lagergren), pseudo-second-order, intraparticle diffusion model and Elovich kinetic model were tested in order to interpret the data obtained from batch experiments (Wu et al. ) .
Kinetic model constants for the adsorption of boron on vermiculite in the presence of HDTMA and GA are listed in Table 2 . The pseudo-second order equation provides the best correlation coefficient (R 2 ¼ 0.99) for the HDTMA coated 
Figure 6 | Contact time effect on boron removal using HDTMA/GA as adsorption agent The plot does not pass through the origin for intra-particle diffusion model that indicates the boundary layer control. Thus, the intra-particle diffusion model cannot be used for the rate controlling step. The pseudo-second order kinetic model and Lagergren kinetic model may be used for controlling the rate of adsorption (Yurdakoç et al. ) .
Effect of pH
Maximum removal efficiency of boron was 55% at pH 8.5-9.0 for HDTMA ( Figure 7 ) and 40% at pH 7.5-8.5 for GA (Figure 8 ). Higher efficiency in a basic medium is caused by the formation of B(OH) À 4 anions in the solution. This behavior can be expressed by dissociation of H 3 BO 3 as shown in the following equation:
pH-Log C diagrams can be used to express the boron adsorption on vermiculite as a function of pH in the presence of HDTMA and GA. A pH-Log C diagram for H 3 BO 3 =B(OH) Boron exists in the H 3 BO 3 form below pH 7. Therefore, H 3 BO 3 cannot bind electrostatically on the HDTMA or GA molecules. Below pH 7, boron adsorption is around 25% on vermiculite in the presence of HDTMA. According to our previous study (Demirçivi & Saygılı ) , H 3 BO 3 adsorption might be occurring on empty hydrated adsorption sites (SOH) via hydrogen bonding. Above pH 7, electrostatic interactions occur between the HDTMA molecule and B(OH) À 4 anion. As a result, above pH 7, boron adsorption increases significantly. On the other hand, after pH 10, competition between B(OH) À 4 and OH À ions causes a small decrease in boron adsorption. Parallel with our other previous study, GA adsorption occurred on the vermiculite surface according to the Freundlich isotherm model (Demirçivi & Saygılı ) . Therefore, at low pH values, H 3 BO 3 adsorption occurs on empty surface sites (SOH), according to the H 3 BO 3 =B(OH) therefore, boron adsorption is increased after pH 6 in the presence of GA.
In the previous study of our research group, boron adsorption on HDTMA modified zeolite was studied (Demirçivi & Saygili ) . The modification step was performed separately, unlike in this study. Maximum boron adsorption was achieved at pH 8.5 at 60% efficiency in that study. This result is quite close to the data gained from the experiment, which performed treating clay, the modification agent and boron in the same solution. This situation shows that the pre-treatment step does not have a significant effect on boron removal. Even if the adsorbent, modifying agent and adsorbate are present in the same solution, the surface has an affinity for the modifying agent because of repulsion between negative charge of the surface and B(OH) 
Effect of initial boron concentration and adsorption isotherms
The amount of boron adsorbed on vermiculite in the presence of HDTMA and GA as a function of the equilibrium concentration of boron in the solution are given in Figures 10 and 11 . It is observed that the amount of adsorbed boron increases with the increase in equilibrium concentration. Isotherm data were analyzed using Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm models (Thomas & Crittenden ) .
The results showed that the experimental data of HDTMA and GA fitted well with the Freundlich (R 2 ¼ 0.98) and Langmuir isotherm (R 2 ¼ 0.95) models, respectively, with high correlation coefficients (Table 3) . Consequently, multilayer boron adsorption occurred on vermiculite in the presence of HDTMA and monolayer boron adsorption was observed on vermiculite in the presence of GA. While boron adsorption on the HDTMA coated surface occurs as a result of electrostatic interactions, the adsorption on GA takes place via esterification reaction.
In the literature, boron removal was investigated using various adsorbents. 
Effect of inert electrolyte
In order to quantify the effect of ionic strength, boron adsorption isotherms were evaluated at two different NaCl concentrations (Figures 12 and 13 
Adsorption thermodynamics
Adsorption thermodynamic parameters were investigated at different temperatures to understand the effect of temperature on the adsorption process. Boron adsorption experiments for vermiculite in the presence of HDTMA and GA were studied at 25, 45, 60 W C, and thermodynamic parameters such as standard enthalpy change (ΔH W ), standard free energy (ΔG W ) and standard entropy change (ΔS W ) were calculated and the results are presented in Table 4 . As can be seen from Table 4 , ΔH W has a positive value for HDTMA and negative value for GA. Thus, it is said that boron adsorption on the HDTMA coated surface is endothermic, and the GA coated surface has an exothermic nature. K values increase with increasing temperature and show a good correlation with ΔH W values for HDTMA. As can be seen from increase of randomness at the solid/liquid interface and an increase in degree of freedom of the adsorbed boron.
Adsorption of boron from industrial wastewater
The optimum conditions were determined and applied to industrial wastewater to observe boron adsorption to determine the convenience of the proposed method for real wastewater. Optimum conditions for boron removal using vermiculite in the presence of HDTMA and GA are given in Table 5 . As shown, with a solid/liquid ratio of 12.5 g/L, boron removal of vermiculite in the presence of HDTMA is 50.2% and in the presence of GA is 48.6%. Boron removal contents are almost equal to synthetic boron solutions. Thus, it can be said that the proposed method can be employed efficiently for real samples.
Determination of the regression model and statistical evaluation
It is important to identify significant parameters contributing to the regression model. Predicted adsorption capacities are close to the observed adsorption capacities for both HDTMA and GA modifying agents ( Figure 14) . The results indicate that the chosen models are appropriate. The significance of pH, temperature and concentration interactions was evaluated to p-values (Table 7) . If the p-value is smaller than chosen significance level of 0.05, interaction is significant. Analysis of variance (ANOVA) results showed that the interactions of the parameters were highly significant (p < 0.05) for both HDTMA and GA. The determination coefficient (R 2 ) and the adjusted According to the regression coefficients, an empirical relationship was evaluated between the adsorption capacity (q i ) and the coded variables tested (x i ). Second-order equations (Equation (2)) of HDTMA-Verm and GA-Verm were described by neglecting the insignificant effects (p < 0.05). Three-dimensional response surfaces and contour plots
To understand the main and interaction effects of two variables, three-dimensional (3D) response surface plots were used (Adinarayana & Ellaiah ) . Equations (4) and (5) were used to calculate the responses. The model has three independent variables (pH, temperature and concentration) and one dependent variable (adsorption capacity). For each 3D response surface plot as a function of two variables, the third variable was held constant. All 3D response surface plots showed a nonlinear nature, which signified that important interactions occurred between the variables and adsorption capacity (Figures 16 and 17) . Table 8 presents optimum conditions for boron adsorption, their optimal response values and experimental results. The predicted adsorption capacity of HDTMA-Verm and GAVerm was found to be 262.46 mg/g and 144.1 mg/g, respectively. Experimental capacity results at the same conditions were found to be 258.13 mg/g and 152.4 mg/g for HDTMA-Verm and GA-Verm, respectively. According to these results, it can be concluded that evaluated models showed suitable prediction of boron adsorption capacity.
Process optimization
CONCLUSION
Boron adsorption on vermiculite in the presence of HDTMA and GA was studied. Boron adsorption was found to be pH dependent, and maximum boron adsorption was obtained in basic media for both HDTMA and GA. The presence of an inert electrolyte in the aqueous solution did not have any significant effect on boron adsorption. To understand the effects of three independent variables (pH, temperature and concentration) on the dependent variable (adsorption capacity), RSM by Box-Behnken design was used. The quadratic model fitted well with the experimental data according to p values calculated by lack-of-fit test. The Anderson-Darling test was applied to determine the residual distribution, which was found to be normally distributed according to A 2 and p values. ANOVA results showed that the linear concentration term was more effective than the other variables for both HDTMA-Verm and GA-Verm. Second-order equations of HDTMA-Verm and GA-Verm (Equations (4) and (5)) were established by neglecting insignificant effects according to the p values. The adsorption capacity of HDTMA-Verm and GA-Verm at any point can be calculated using Equations (4) and (5) without any experiment. Predicted and experimental adsorption capacities were found to be closer at optimum conditions of the variables. 
